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Introduction 

There is much current interest in the conversion of synthesis gas to gasoline range hydro- 
carbons using bifunctional zeolite catalysts (1,Z). The medium pore (dia 6A) zeolite 
ZSM-5 in combination with Fe was shown to yield a high fraction of aromatics in the 
product, resulting in a favorable octane number ( =  9 0 ) .  The transition metal (TM) 
component catalyzed the hydrogenation of CO while the acid function of the zeolite led 
to an aromatic product. Owing to the medium size pores of ZSM-5 there was a fairly 
sharp cut-off, in the product distribution near the end of the gasoline range for the 
aromatic fraction. 

I n  order to explore further the role of the TM component and the acidity of the zeolite 
on the product composition, experiments were performed i n  our laboratory on ZSM-5 
impregnated with Fe and Fe-Co, and on Silicalite impregnated with Fe. Silicalite is a 
molecular sieve form (3) of Si0 

A romparison of the crystallographic studies (4,5) on ZSM-5 and Silicalite, shows that 
the two zeolites possess very similar crystal structures. While the SifA1 ratio in 
ZSM-5 can be varied from 3 to 03, Silicalite has essentially no Al. Hence, it appears 
that Silicalite is the limiting form of ZSM-5 when the A1 concentration is vanishingly 
small. Owing to the lack of cations which can be exchanged with protons, Silicalite 
has no acidity, while HZSM-5 is a highly acidic zeolite. Our investigations sought 
to find the difference in selectivity for synthesis gas conversion by ZSM-5 (Fe) and 
Silicalite (Fe) catalysts resulting from the above mentioned difference in acidity. 

A further aim of the investigation was to investigate possible difference in selectivity 
between ZSM-5 (Fe) and ZSM-5 (Fe-Co) catalysts, resulting from the different 3d-electron 
concentration of the M component. Magnetic studies (TMA) were performed to characterize 
the TM component and particularly to detect the formation of bimetallic Fe-Co clusters. 

2 '  

Experimental 

The zeolites were prepared using methods described in the literature (3,6). The metal 
component was introduced by gradually adding the metal nitrate solution to the zeolite 
until incipient wetness was reached. The impregnation with the metal nitrate solution 
was carried out for an hour under vacuum in order to enable the nitrate solution to 
enter the pores o f  the zeolite. The material is initially dried with constant stirring 
over a boiling water bath, and further dried in air at 110" C for 12 hours. It is then 
pelleted to yield tablets 3mm in diameter. 
about 10% by weight of an amorphous silica such as Ludox AS-40 was added as a binder 
before the pelletization step. 
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I n  the case of the Silicalite based catalysts, 



The c a t a l y s t s  were t e s t e d  f o r  s y n t h e s i s  g a s  conve r s ion  i n  bo th  a f i x e d  bed m i c r o r e a c t o r  
and a Berty ( con t inuous  f l o w  s t i r r e d  t ank)  r e a c t o r  (7). The l a t t e r  i s  shown i n  F i g u r e  1. 
The c a t a l y s t  p e l l e t s  were loaded  i n t o  the  2-inch d i ame te r  CFSTR chamber and r e t a i n e d  
by g l a s s  wool w i t h  a sc reen .  I m p e l l e r  speed was 1240 rpm. E x c e l l e n t  bed t empera tu re  
c o n t r o l  was ob ta ined  by a m o d i f i c a t i o n  which invo lved  t h e  i n s t a l l a t i o n  o f  a c o i l  i n  t h e  
head o f  the r e a c t o r  through which a i r  could f low f o r  f a s t e r  h e a t  removal. 

A schematic  diagram o f  t h e  r e a c t o r  system is  shown i n  F i g u r e  2. S y n t h e s i s  g a s  w i t h  a 
H fC0- ra t io  of e i t h e r  2 1 1  o r  111 would pass  through a carbon t r a p  and e n t e r  t h e  r e a c t o r .  
Lgquid and s o l i d  hydrocarbon p r o d u c t s  a r e  c o l l e c t e d  i n  a h o t  t r a p  u s u a l l y  ma in ta ined  a t  
150" C and i n  an i c e  t r a p .  Th i s  s e r i e s  of t r a p s  a r e  a l t e r n a t e d  and d ra ined  p e r i o d i c a l l y .  
P roduc t  gases  a r e  metered and  then  f l a r e d .  

The t a b l e t s  of t h e  z e o l i t e  impregnated wi th  TM were reduced i n  f lowing H a t  2 1  b a r  
and L50° C f o r  24 h r s .  
f o r  24-48 h r s  t o  y i e l d  t h e  a c t i v e  c a t a l y s t .  The gas phase p roduc t  (C -C hydrocarbons)  
was ana lyzed  by g a s  chromatography. 
o l e f i n s ,  a romat i c s  and oxygena te s  by column chromatography us ing  FIA d e t e c t i o n .  

They were then  ca rb ided  w i t h  s y n t h e s i s  g a s  a t  7 t a r  and 250' C 

The l i q u i d  p roduc t  w a s  s e p a r a t e d l i n ? o  p a r a f f i n s ,  

R e s u l t s  and Di scuss ion  

( a )  In f luence  of  Z e o l i t e  A c i d i t y :  

The r e s u l t s  ob ta ined  i n  t h e  Ber ty  r e a c t o r  on t h e  c a t a l y s t s  ZSM-5 (11.1 wt% Fe) and 
S i l i c a l i t e  (13 .6  w t %  Fe) a r e  shown i n  Table  1. I t  is  appa ren t  t h a t  a h igh  pe rcen tage  of 
a r o m a t i c s  is  o b t a i n e d  from t h e  ZSM-5 (11.1% Fe)  c a t a l y s t ,  w h i l e  t h e  product  from t h e  
S i l i c a l i t e  (13.6% Fe) c a t a l y s t  has  a low a r o m a t i c  f r a c t i o n  b u t  much h i g h e r  o l e f i n  and oxy- 
g e n a t e  f r a c t i o n s .  I t  is  t h u s  a p p a r e n t  t h a t  t h e  a c i d  f u n c t i o n  of ZSM-5 based c a t a l y s t  is  
r e s p o n s i b l e  f o r  t h e  c o n v e r s i o n  of t h e  o l e f i n s  and oxygena te s  t o  a romat i c s .  The a romat i c  
f r a c t i o n  impar t s  a h igh  o c t a n e  number t o  t h e  p roduc t .  

(b )  High O l e f i n  Y i e l d s  from S i l i c a l i t e  Based C a t a l y s t s :  

The i n t e r e s t i n g  a s p e c t  o f  t h e  p roduc t  s l a t e s  from t h e  S i l i c a l i t e  based c a t a l y s t s  was the  
h igh  pe rcen tage  of o l e f i n s  i n  bo th  t h e  gas  and l i q u i d  phase p roduc t s .  When promoted 
w i t h  potassium, t h e  Fe c o n t a i n i n g  S i l i c a l i t e  c a t a l y s t  y i e l d e d  a l a r g e  C2-C4 o l e f i n  
f r a c t i o n  a s  seen i n  Tab le  2. The C -C o l e f i n  f r a c t i o n  from S i l i c a l i t e  ( 7 . 8 %  Fe,  
0.9% K )  i n  a f i x e d  bed microreactor2is4compared w i t h  t h a t  from a p r e c i p i t a t e d  
Fe-Mn c a t a l y s t  of Kolbel  e t  a 1  (8), known f o r  i ts  ve ry  h i g h  o l e f i n  y i e l d .  It is  s e e n  
t h a t  t h e  o l e f i n  y i e l d s  f rom t h e  two c a t a l y s t s  a r e  q u i t e  Comparable. The S i l i c a l i t e  
(7 .8% Fe,  0.9% K) c a t a l y s t  y i e l d s  a much h i g h e r  C -C 
p r e c i p i t a t e d  Fe-Mn c a t a l y s t  and hence i s  of  po teng ia f  commercial i n t e r e s t .  
f o r  t h e  enhancement o f  o l e f i n  p roduc t ion  on add ing  K a s  a promocer h a s  been d i s c u s s e d  by 
Dry e t  a l .  ( 9 ) .  

o l e f i n f p a r a f f i n  r a t i o  than  t h e  
The mechanism 

( c )  I n f l u e n c e  of T r a n s i t i o n  Metal  Component on  P roduc t  Composition: 

The a d d i t i o n  o f  c o b a l t  t o  Fe  con ta i r l i ny  ZSM-5 c a t a l y s t  w a s  found t o  r e s u l t  i n  a marked 
change i n  product  compos i t ion  a s  s e e n  from t h e  Berty r e a c t o r  s t u d y  r e s u l t s  i n  Table  3 .  
I t  i s  seen t h a t  t h e  i n c o r p o r a t i o n  of c o b a l t  i n t o  t h e  c a t a l y s t  r e s u l t s  i n  ( a )  r e d u c t i o n  
i n  t h e  w a s t e f u l  s h i f t  conve r s ion  a s  s e e n  from t h e  d e c r e a s e  +n Cog f" t h e  p roduc t  
( h )  lowering o f  t h e  a r o m a t i c  f r a c t i o n  t o  abou t  10% o f  t h e  C5 f r a c t i o n .  However, t h e  
Octane number remained a t  a r e l a t i v e l y  high v a l u e  of 81, d e s p i t e  t h e  d e c r e a s e  i n  t h e  
a r o m a t i c  f r a c t i o n .  
p r o v i d e s  a Promising means o f  a l t e r i n g  the  e x t e n t  of s h i f t  conve r s ion  and t h e  composi t ion 
o f  t h e  l i q u i d  p r o d u c t .  
pec t ed  r e s u l t  s i n c e  a r o m a t i z a t i o n  i s  normally a s s o c i a t e d  w i t h  the  a c i d i t y  of  t h e  z e o l i t e .  
It  i s  p o s s i b l e  t h a t  some of t h e  c o b a l t  is  a t t a c h e d  t o  t h e  A 1  s i t e s  i n  t h e  z e o l i t e ,  r educ ing  
i t s  a c i d i t y .  

Hence, t h e  impregnat ion of  z e o l i t e s  w i t h  b i m e t a l l i c  TM c l u s t e r s  

Changes i n  t h e  a romat i c  f r a c t i o n  w i t h  TM component was a n  unex- 

F u r t h e r  s t u d i e s  on t h i s  s u b j e c t  a r e  n e c e s s a r y .  
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(d) Magnetic Studies: 

The magnetic properties of TM impregnated zeolite catalysts have been investigated 
between 77K and 923K in applied fields up to 21 kOe. Samples of ZSM-5 (11.1% Fe), 
ZSM-5 (5.6% Fe, 4.5% co) and Silicalite (13.6% Fe) were magnetically analyzed after 
each of the impregnation, reduction and carburization steps and after use as a 
catalyst. 

The reduced samples of ZSM-5 (11.1% Fe) and Silicalite (13.6% Fe) indicate that Fe IS in 
the metallic state with 86% and 85% reduction, respectively. Thermo-magnetic analysis 
(TMA) of  carbided ZSM-5 (11.1% Fe), show it to be in the high Curie point form (10) Of 
the Hagg carbide. 
the hexagonal close packed (hcp) carbide form of Fe2C, and the used Silicalite 
(13.6% Fe) to be the high Curie point form of the Hagg carbide. 

The TMA of ZSM-5 (5.6% Fe, 4.5% Co) shows that the reduced, carbided, and spent samples 
have large magnetic moments (1.94, 2 . 0 4  and 2.61p8per TM atom respectively, at room 
temperature) and high Curie points (> 900" C), which cannot be accounted for on the 
basis of individual Fe and Co particles. The magnetic data indicate the composition 
to be that of a Fe-Co alloy (11). Hence, we conclude that the difference in selectivity 
between ZSM-5 (11.1% Fe) and ZSM-5 (5.6% Fe, 4.5% Co) catalysts can be attributed to the 
presence of bimetallic TM clusters in the latter, with consequent changes in the 
average number of 3d-electrons per TM atom. 

(e) 

To determine TM particle size in the bifunctional catalysts CO adsorption studies were 
performed to determine the TM surface area. These studies showed that the TM clusters 
had an average diameter of 100-110 A. Owing t o  the limitations connected with CO 
adsorption for estimating metal surface areas, the above may be considered to be 
approximate values of the TM cluster diameter. Hence, the majority of the TM 
clusters must reside outside of the pores of the zeolite. We believe that the 
bifunctional catalytic behavior of these catalysts results from high interparticle 
diffusivity relative to intracrystalline diffusivity (12). 

TMA analysis reveals the used ZSM-5 (11.1% Fe) to be 

TM Cluster Size and Bifunctional Catalysis: 

Conclusions 

Our experiments lead to the following conclusions: 

(1) Zeolite acidity plays an important role in the formation of aromatics from syn- 
thesis gas by bifunctional catalysts as strikingly evidenced in a comparison of the 
product slates from ZSM-5 (11.1% Fe) and Silicalite (13.6% Fe). 

( 2 )  The transition metal component impregnated into the zeolite plays an important 
role in selectivity as seen from the liquid phase products from ZSM-5 (11.1% Fe) and 
ZSM-5 (5.6% Fe, 4.5% Co). I n  this context, zeolites containing bimetallic clusters 
are of special interest. 

(3) Silicalite impregnated with Fe and promoted with K has an exceptionally high 
selectivity for the production of C2-C4 olefins from synthesis gas. 
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T a b l e  1. - Comparison of P r o d u c t s  f rom ZSM-5 (11.1% Fe) and S i l i c a l i t e  (13.6% Fe)  
C a t a l y s t s  w i t h  H /C0=2, and P=21 b a r .  2 

C a t a l y s t  ZSM-5 (11.1% Fe) 
Temperature ,  O C  300 
CO Conversion,  % 68.2 
H Conversion,  % 38.7 
Spa re  V e l o c i t y  (h - l )  

P r o d u c t  Composi t ion (%) 

1500 2 

52.0 
19 .4  
28.6 

3 
cHn + oxygena te s  

Hydrocarbon and Oxygenate Composi t ion (%) 

CH 54 .1  
1.1, 15.0 

:2k,4' :2:6 2 .1 ,  6 .3  

C4+';nd oxygena te s  16.9 

Composi t lon o f  C,+ and o x y g e n a t e s  (%) 

Aromat i c s  12 
O l e f i n s  3 
S a t u r a t e s  24 
Oxygenates  1 
% G a s o l i n e  r a n g e  (BP <204O C) 75 
Resea rch  o c t a n e  No. 96 

C3H6' C2H;o 0.0, 4 .5  

5 

S i l i c a l i t e  (13.6% Fe) 
280 

39.4 
16 .5  

1350 

51.1 
2 2 . 1  
26.9 

26.5 
2 . 5 ,  15 .0  

10.8,  7.2 
4 . 8 ,  4 .8  

25.0 

4 
41 
33 
22 
77 
36 

T a b l e  2 .  - Conversion of  S y n t h e s i s  Gas t o  O l e f i n s  i n  Fixed Bed Reac to r s ,  Using S i l i c a l i t e  

C a t a l y s t  of K o l b e l  e t  a1 (8). 
(7.8% Fe.  0.9% K) Compared w i t h  Tha t  Using a P r e c i p i t a t e d  Fe-Mn 

C a t a l y s t  S i l i c a l i t e  (7 .8% Fe,  0.9% 
(our )  

P r e s s u r e  ( b a r )  21 
Temperature  ("C) 280 
H /CO R a t i o  0.9 
&ace V e l o c i t y  (h - l )  1300 
P r o d u c t  Composi t ion (CH + Oxygenates)  % 

CH 8.6 
c f i  8 . 2  
C2H4 0 . 4  
C2H6 19 .3  

C3H8 8 . 6  

c4-Eo O l e f i n s  36 .1  
c2-c4 P a r a f f i n s  <0.8 

55.1 C,+ and  oxygena te s  

C3H6 < 0 . 2  

C4H8 < 0 . 2  

2 4  

P r e c i p .  Fe-Mn 
(Kolbel  e t  a l )  

14 
290 

353 
0.8 

12.1 
7.6 
4.9 

1 7 . 3  
2 . 1  

1 5 . 2  
3 . 1  

40.1 
10.1 
47.8 

4 .0  
c;-c4 O l e f i n s  

C -C P a r a f f i n s  2 4  

>45.1 
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Table 3 .  - Product Compositions from the Catalysts ZSM-5 (11.1% Fe) and ZSM-5 ( 5 . 6 %  Fe, 
4 . 5 %  Co), in a Berty Reactor, Showing the Influence of cobalt addition to the Catalyst. 

Process Condition: H2/C0 = 2 ,  P = 2 1  Bar and GHSV = 1000 hr-l 

Catalyst ZSM-5 (11.1% Fe) 
Temperature 300 
CO Conversion, % 6 8 . 2  

S$ace Velocity 1500 

Product Composition ( X )  

H Conversion, X 3 8 . 7  

5 2 . 0  
19.4 
2 8 . 6  

3 
~ i ; ~  + Oxygenates 

Hydrocarbon and Oxygenate Composition (%) 

C -C hydrocarbons 83.1 
C1+ 2nd Oxygenates 1 6 . 9  5 

Composition of C,+ and Oxygenates (%) 

Aromatics 7 2  
Olefins 3 
Saturates 24 
Oxygenates 1 
X Gasoline range (BP 204' C) 7 5  
Research octane No. 9 6  

ZSM-5 ( 5 . 6 %  Fe, 4 . 5 %  Co) 
280 

3 7 . 8  
4 1 . 3  

1400 

9 . 8  
5 1 . 8  
3 8 . 4  

7 4 . 3  
2 5 . 7  

10 
4 6  
37  

7 
9 4  
81 
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Bed thermocouple 

Figure  1. - Berty Reac tor  (CFSTR) 
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